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Abstract— We focus on homogeneous embankment in fluvial 
conditions and we try to represent the flow through a breach 
occurred by overflow. To do this, an erosion law is coupled 
with TELEMAC 2D, which represents a progressive surface 
erosion due to the flow. This same erosion law has been used 
to propose a method to represent the lateral development of 
the breach. In the first time, we verify that the embankment 
erosion represented with this method is consistent with the soil 
resistance given by JET tests. In the second time, the effect of 
the lateral development of the breach method is also assess. 
Finally, the comparison of our results with USDA-ARS data 
gives a possibility to improve our implementation.  
 
 
I.         INTRODUCTION 
To reduce flood risk, embankments are usually used, but 
history shows that the consequences of embankment failure 
can be severe. For example, a large part of 66 fatalities and 
2,8 billions of Euros occurred during the flooding of the 
south of France in 1999, 2002 and 2003, could be affected 
to breaches [9]. 
Breaching process combine a complex interaction 
between hydraulic, geometric and soil property effects. For 
example, the compaction water content which has been 
identified as a key factor to assess the embankment 
resistance, can modify by orders of magnitude the rate of 
breach formation. To assess this complexity, a combination 
of knowledge and skills from these different disciplines is 
required [1]. 
Recent research has proposed to use in predictive breach 
models, the embankment erodibility [1]. Our approach is 
definitively pragmatic by using a hydraulic model, solving 
the Saint-Venant equations in 2D, in which we implement a 
quite simple erosion law. According with the capability of 
this method to predict the breach formation, the 
implementation of the soil property effects will be 
improved. During the LEVEES research project (2010-
2013), we tested the first implementation of an erosion law 
in TELEMAC 2D. These results were presented in the XXth 
Telemac Mascaret User Conference in Karlsruhe. Since 
2013, some field experiments were used to do a comparison 
with our method.  
This article firstly gives a short presentation of the 
methodology used and results obtained before 2013. 
Afterwards we detail the methodology used to represent a 
first lateral development of the breach. Finally, we compare 
our results with two USDA-ARS field experiments available 
in the literature.  
  
II.       INCISION OF THE EMBANKMENT: FIRSTS RESULTS 
AVAILABLE 
We focus on homogeneous embankment in fluvial 
conditions and we use TELEMAC 2D (V6P1) to represent 
the flow through a breach occurred by overflow. To 
represent the development of the breach, depending on the 
hydraulic conditions, we used an erosion law coupled with 
TELEMAC 2D. The consequence of this implementation 
will be that the breach shape will not be predefined unlike in 
most breach models [2].  
In this party, the only way to have an erosion, is when the 
velocity of the flow is sufficient. Thereby the erosion 
process represented is a simple progressive surface erosion.  
  
A.       The erosion law implemented 
We used the erosion law defined by Partheniades [3], which 
gives the erosion rate as a function of effective shear stress  
(τ -τc) and a detachment rate coefficient (kd). 
ε = kd * (τ-τc)                                  (1) 
- kd is the detachment rate coefficient of the material 
(erodibility factor) (m3/N.s) 
- τc is the shear threshold (Pa) 
- τ is the shear stress (Pa) 
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Using the Manning formula, it is possible to calculate 
the shear stress and thereby the erosion rate in each node of 
the mesh. The erosion of a cohesive material is easily 
represented by this law, but the deposition of the material, 
downstream the erosion zone cannot be represented. For 
more information about the method, we recommend the 
reader to consult the following article [4].  
It is not possible to represent the lateral development of 
the breach according with the conclusion in [4]. 
The shear stress is assessed by strong hypothesis as the 
using of depth-averaged velocity instead of the bed shear 
velocity. Moreover, turbulence effects are not taken into 
account in this approach.  
  
B.       Results only with the incision of the embankment 
1)      The study case 
The erodibility classification proposed in 2009 by Wahl 
[5] is used to qualify the embankment resistance.  
Figure 1: Erodibility classification based on kd  and τc according to [5] 
The different embankment resistance tested are 
presented in table I. In each case, the resistance of the 
overbank is considered equal to the resistance of the 
embankment. 
TABLE I.   EMBANKMENT RESISTANCE TESTED 
 Embankment resistance 
kd  
m3/N.s 
tc  
Pa 
Set 1 erodible 10-5 0,1 
Set 2 moderately erodible 10-7 10 
Set 3 resistant  10-8 50 
 
We considered a channel with a 0,1% slope, a 
trapezoidal section 20 m wide at the bottom and 26 m at the 
surface. The dike is 6 m wide at the crest and 14 m at the 
base. It is placed on the left bank, 4 m back (Fig.2). 
To fix the position of the breach, we cut a notch, on the 
crest of the dike, 20 cm deep by 18 m wide. The size of the 
mesh is 3 meters in the breach. Then, the mesh size 
increases gradually to reach 50 meters.  
A constant viscosity of 0,005 m/s² is used and the 
Strickler friction coefficient is fixed at 20 m1/3s-1. For more 
information about this case, we recommend the reader to 
consult the following article [4].  
Figure 2: Cross-section of the embankment and the channel 
2)      Results 
With the more erodible soil (set 1), the embankment is 
completely breached one hour after the beginning of the 
overflow (Fig. 3). Whereas, the more resistant soil (set 3) is 
not eroded despite an overflow for several dozen hours.  
Figure 3: Time evolution of the erosion (set 1) 
With the moderately erodible soil (set 2), the 
embankment resist several dozen hours despite an erosion 
on the crest and on the downstream foot of the dike (Fig.4). 
As indicated in [4], the mesh size have an influence of the 
erosion rate. Thereby, with a 1 meter size mesh, the erosion 
rate of the moderately erodible material is doubled.  
Despite an influence of the mesh size identified in [4], 
the resistance of the embankment proposed with our method 
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seems broadly consistent with the erodibility of the 
materials proposed in [5] and presented in Fig. 1.  
This method could be seen as a method to represent 
the  breach formation due to surface erosion. For each case 
in which an erosion is observed, we can see a scour hole of 
the downstream foot of the embankment, which is usually 
saw in historical breaches. Of course, this scour hole can 
have an influence on the discharge calculated through the 
breach.  
Figure 4: time evolution of the erosion (set 2) 
  
III.     COMPARISON WITH USDA-ARS DATASET  
To represent the lateral development of the breach in our 
method, we conserve the same process as in the first part of 
this work: the widening of the breach is assumed given by 
the flow. This assumption was taken to assess the 
contribution of the continued surface erosion process given 
by the flow velocity, in the lateral development of the 
breach. . Of course this approach is very partial, as 
described in [6], other processes have a large influence on 
the widening of the breach, as the undercutting and the 
collapse of the breach sides (mass failure), or the sliding of 
the breach sides. 
Thus, this party presents a first implementation of a 
lateral development method of the breach due to hydraulic 
conditions. In this method, we assume that all mechanical 
features of the embankment material are constant. 
Afterwards, two USDA-ARS experiments are used to do a 
comparison with our results.  
  
A.       Lateral development method 
Here, only the partially wet elements, which have 2 
nodes wet, are considered. For each wet node of this kind of 
element, it is possible to calculate an erosion rate, as in the 
incision method. The mean of these 2 erosion rates can be 
used to calculate an erosion rate of the wet base of the 
element.  
All of these erosion rates are vertical erosions, and our 
problem is to convert them to horizontal erosion. To do this, 
we suppose that the erosion rate can also be applied 
perpendicularly on the partially wet elements. This 
assumption is materialized by the red dotted arrow in Fig. 5. 
The horizontal projection of this erosion rate (the green 
arrow) gives the lateral erosion rate of the partially wet 
element considered, during the time step dt.  
Figure 5: principle of the breach widening modelling 
d is the distance between the dry node and the wet base 
of a partially wet element. 
The cumulative lateral erosion can be stored during the 
simulation. When this value will be greater than d, the 
elevation of the dry node is setting to the mean altitude of 
the wet nodes.  
  
B.       USDA-ARS experiments used 
The USDA-ARS dataset used consists of two 
experiments. Both experiments were performed in the same 
location, hence the reservoir storage is the same. The 
embankment was constructed 2,3 m high and with three test 
sections with different soils. Each test section have 7,3 m 
wide. To fix the position of the breach, a notch 0,46 m deep 
by 1,83 m wide was cut into each test section. All features 
of these experiments are given in [2] and [7]. 
As given in table II, with the erodibility classification 
proposed by Wahl in [5], the embankment of the first 
experiment can be considered as a very erodible one. For the 
second experiment, the embankment can be considered as a 
resistant one. 
TABLE II.   EMBANKMENT RESISTANCE TESTED 
  Embankment resistance kd  
m3/N.s 
τc  
Pa 
Experiment 1 very erodible 10,3. 10-6 0,14 
Experiment 2 resistant 3,9. 10-8 15 
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Four stages have been identified in [7] to describe the 
overtopping erosion processes in cohesive material: 
- stage I: rills erosion occur in the downstream face, one 
or more master rills develop into a cascade of overfalls. In 
the end of this stage, a large headcut is formed at the 
downstream crest, with a width of erosion approximately 
equal to the width of the flow at the downstream crest.  
- stage II: the headcut migrates from the downstream to 
the upstream crest of the embankment.  The lateral 
development of the erosion occurred due to mass wasting of 
material from the sides of the gully.  
- stage III: this stage begins with the lowering of the 
upstream crest and ends when all of the upstream face is 
eroded. Then, the breach is completely formed.  
- stage IV: this stage represents the widening of the 
breach due to the emptying of the reservoir. 
Fig. 6 gives an overview of the timing of an 
embankment failure using data available for the experiment 
1. 
 
Figure 6: Time lines of observed erosion width, reservoir water surface 
elevation and hydrographs for experiment 1 
  
C.      Hydraulic parameters 
According to the size of the notch and the embankment, 
the size mesh is 0,2 m in the erodible zone. 
The Strickler friction coefficient is fixed at 25 m1/3s-1. 
A model with a constant viscosity of 0,004 m²/s is used. 
  
D.      Experiment 2 versus our method 
In the field experiment 2, despite more than 19 hours of 
overflow, no breach occurred during the experience due to 
the resistance of the soil. 
Stage I lasted a little less than 3 hours (164 minutes) and 
because the upstream crest of the embankment did not be 
eroded, the stage III did not be reached. 
As we can see on Fig. 7 (b)/(c), the lateral development of 
the breach occurred during stage II, due to mass wasting of 
material from the sides of the gully. The final width of the 
gully is given in [2] and [7] to about 4,2 m.  
Inflow and outflow hydrographs are the same with a 
constant value about 1 m3/s.  
 
2 hours after the beginning of the overflow (a) 
 
12 hours after the beginning of the overflow (b) 
 
19 hours after the beginning of the overflow (c) 
Figure 7 (a)/(b)/(c): Time evolution of the breach formation for 
experiment 2 according to [8] 
In our results, we can see in Fig. 8, a final erosion of the 
downstream face of the embankment. The maximum 
erosion depth is 0,46 m on the foot of the downstream face. 
Regarding the experiment results (Fig. 7), this erosion is 
very limited. During the stage I, only one rill occurs without 
overfall and the stage II seems to be not reached in our 
results.  
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According with only the hydraulic effects taken into 
account, it is not possible to see in our method soil property 
effects as headcut or lateral development of the rill. Hence 
the erosion rate of the embankment is broadly 
underestimated. 
Because the upstream crest is not eroded in our method 
and in the field experiment, both breach outflow 
hydrographs are the same. 
 Figure 8: Comparison of our results with the field experiment.  
  
E.       Experiment 1 versus our method  
In the field experiment 1, less than 50 minutes after the 
beginning of the overflow, the breach was formed. In the 
two first stages of the breach formation, the lateral 
development of the gully occurred due to soil property 
effects and also geometry and hydraulic effects. During 
these two stages, as we can see in Fig. 6, the outflow 
increased due mainly to the increasing of the water level in 
the reservoir. In the end of stage II, the width of the gully 
was a little less than 5 meters [7].  
The upstream crest of the embankment began to be 
eroded about 32 minutes after the beginning of the overflow 
(stage III). During this stage, the lateral development of the 
breach increased a little more than 2 meters, to reach 7 
meters. The failure occurred as the water elevation in the 
reservoir has not started to decrease (Fig. 6). 
 
5,5 minutes after the beginning of the overflow (a)    
 
14,5 minutes after the beginning of the overflow (b) 
 
29,5 minutes after the beginning of the overflow (c) 
 
38,5 minutes after the beginning of the overflow (d) 
Figure 9 (a)/(b)/(c)/(d): Time evolution of the breach formation for 
experiment 1 according to [8] 
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In the field experiment 1, the outflow reached 6 m3/s. 
The outflow decreased rapidity because of the small 
reservoir size. 
In our results, from the beginning of the overflow, an 
erosion of the embankment is observed on the downstream 
face as in the field experiment, but also on the crest. This 
second erosion which is not observed in the field 
experiment, comes from the very erodible material used. In 
our result, velocities are sufficient to erode the crest. This 
difference could be explained by the grass we can see on the 
embankment in Fig. 9(a) and which is not represented in our 
method. The consequence is a greater increasing of outflow 
discharge in our result (Fig. 10).  
In our results, the erosion rate of the downstream face is 
not so important as in the field experiment. The stage I lasts 
about 24 minutes against 16 minutes in the experiment field. 
Soil property effects, as headcut, which are not represented 
in our method, but also mesh size effect, may explain a part 
of this difference. Due to the very erodible material, in our 
results the upstream crest is being eroded, the outflow 
increases gradually and the water elevation in the reservoir 
begins to decrease unlike in the field experiment.  
 
 
Figure 10 :TELEMAC 2D and observed data comparison 
  
The end of the upstream face erosion (end of stage II) 
could be assessed broadly in the same moment as in field 
experiment. Until this moment, the upstream crest continues 
to be eroded and the outflow continues to increase 
gradually.  The outflow in our results is greater than in field 
experiment. The water elevation in the reservoir continues 
to decrease.  
Due to the erosion of the upstream face since the 
beginning of the overflow, the stage III is not consistent 
with the definition. During this stage, with 2 m3/s in our 
results, the outflow reaches gradually the maximum 
discharge value unlike the field experiment where a very 
rapid increase in discharge until 6,5 m3/s is observed.  
In the end of the calculation, the upstream face is 
broadly eroded, but a 0,4 m high of material remains in our 
results (Fig. 10).  
Fig. 10 presents the evolutions of the breach width from 
the field experiment and our method.  The gap between both 
is clearly represented on this figure, material property 
effects must be implemented in our method to improve the 
prediction of the width of the breach.  
 
IV.     DISCUSSION 
To analyse the effect of the implementation of the lateral 
development of the breach in our method, the experiment 1 
has been used without this implementation. The comparison 
of both results gives some information about the lateral 
development of the breach effect: 
 - the main effect of this implementation can be seen on 
the cross-section of the breach (Fig. 11). The lateral sides of 
the breach are more vertical with the lateral development 
method. With minus of 0,2 m3/s, the effect of this 
modification of the outflow hydrograph is insignificant. 
- the eroded width on the crest of the embankment are 
similar in both cases. In fact, the maximum width of the 
erosion occurs during the first stage when the flow is not yet 
concentrated.  
Figure 11 :comparison of the section of the breach with and without the 
lateral development method used 
 
22st Telemac & Mascaret User Club Warrington, UK, 15-16 October, 2015 
 
 
With the two experiments, even if the embankment 
resistance is consistent with the erodibility classification 
given by [5],  we can observe that the erosion rate of the 
downstream face of the embankment given by our method is 
not sufficient. Furthermore, no rill and overfall are 
observed. The assessment of the bed velocity and hence the 
erosion rate could be improved by using TELEMAC 3D. 
But to observe rill and overfall in our results, it could be 
probably better to implement a no homogeneous behaviour 
of the material, such as a spatially variable detachment rate 
coefficient.  
The outflow hydrograph of the experiment 1 increases 
more rapidly with our method, due to the erosion of the crest 
of the embankment. The using TELEMAC 3D to assess 
with more accuracy the bed velocity and hence the bed 
shear stress could be possible, but implementing the grass 
effect in our method is an other way, which could be 
probably a more efficient.  
However, the behaviour of the outflow given by our 
method remains not correct because during the stage III, in 
field experiment, the failure seems to occur really quickly 
with rapid increase in discharge and decrease in water level 
in the reservoir. In our method such evolutions are not 
observed, only continuous evolutions are calculated. An 
implementation of a mass failure could improve the 
prediction of the outflow. 
 
V.       CONCLUSIONS 
Despite the underestimating of the outflow maximum 
value and the width of the breach, TELEMAC 2D coupling 
with a quite simple erosion law gives some interesting 
results. The embankment behaviours proposed are 
consistent with the resistance of the soil material given by 
JET tests. The beginning of the evolution of the width of the 
breach seems correct with TELEMAC 2D. However, 
improvements are needed to integrate the material property 
effects, as the mass failure, a spatially variable detachment 
rate coefficient or implementing a grass layer. It could be 
interesting too to test this method with TELEMAC 3D. 
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